ABSTRACT We sought to determine mechanisms for decrease of cardiac output and for hypotension during ventricular tachycardia (VT) in man. Two-dimensional and M mode echocardiograms and left ventricular pressure from micromanometer-tipped catheters were obtained in 20 patients before, during, and at the end of induced hypotensive VT. Patients were divided into two groups according to left ventricular function in sinus rhythm as assessed by angiographic ejection fraction (EF) before electrophysiologic study. Group 1 (n = 8) had angiographic EF 350% in normal sinus rhythm, and group 2 (n = 12) had EF 640%. During VT, left ventricular cavity volume (as indexed by short-and long-axis two-dimensional end-diastolic cavity areas) was markedly reduced in group 1, from 19.7 2 to 8.6 + 2 cm2 (p < .001) and from 32.0 + 8 to 22.5 + 7 cm2 (p < .001), respectively, but was only slightly reduced in group 2, from 34.l1 + 6 to 31.5 7 cm2 (p = .044) and from 45.0 + 8 to 49.4 + 7 cm2 (p = NS), respectively. Conversely, left ventricular systolic function during VT (as indexed by fractional reduction in two-dimensional short-and long-axis areas) was markedly depressed in group 2, from 25.6 + 6% to 4.2 ± 4% (p = .005) and from 13.7 + 3% to 1.8 ± 0.8% (p < .001), respectively, but remained at control levels in group 1. Left ventricular end-diastolic pressures increased in group 1, from 11.8 ± 2 to 27.7 + 8 mm Hg (p = .005) and did not change in group 2 during VT. Pressure-dimension loops from left ventricular pressure and M mode echocardiographically determined cavity dimensions generated from the end of the VT episodes showed that diastolic pressure-dimension relationships returned to control levels with the first prolonged diastolic interval in group 1 patients, indicating that incomplete relaxation was the mechanism responsible for reduction of cardiac output during VT in these patients. Coordination of contraction and relaxation (indicated by the percent ratio of the pressure-dimension loop area to the area of the rectangle just enclosing the loop) decreased from 37 ± 11% to 16 ± 13% in group 2 patients during VT (p = .0 13) but remained at control levels in group 1 patients. Thus, during VT patients with impaired left ventricular function in sinus rhythm (group 2) developed severe discoordination, and patients with normal or near-normal function (group 1) developed incomplete relaxation to account for stroke volume deterioration and hypotension. Circulation 68, No. 5, 928-938, 1983. MANY PATIENTS with ventricular tachycardia (VT) lose consciousness and die within a short time. "The need for prompt resuscitation generally makes it difficult to study the hemodynamic mechanisms involved, but with recent advances in therapy for and control
PATHOPHYSIOLOGY AND NATURAL HISTORY-HYPOTENSION venous retum. Mechanisms that may impair forward systolic emptying include (1) electrically or mechanically induced discoordinate contraction, (2) ischemic myocardial dysfunction, (3) mitral regurgitation, or (4) a negative rate effect at very rapid rates.
In this study we examined left ventricular function before, during, and at the end of induced VT using two-dimensional and M mode echocardiograms combined with simultaneous left ventricular pressure data. The studies principally implicate two of these potential mechanisms: in patients with normal or near-normal ventricular function during sinus rhythm, incomplete ventricular relaxation leads to impaired filling, and in patients with preexisting left ventricular damage, incoordinate contraction predominates.
Methods
Patients. We studied 20 patients who developed hypotensive VT during clinical electrophysiologic testing. Systolic arterial pressure fell to below 70 mm Hg until VT converted to sinus rhythm, and all patients had had at least one episode of syncope caused by spontaneous ventricular arrhythmia (table 1). All patients gave written informed consent for the research protocol and were selected only on the basis of high-quality echocardiograms before the electrophysiologic study. All patients underwent cardiac catheterization with coronary angiography before the electrophysiologic study and were divided into two groups according to left ventricular function in sinus rhythm.
Group 1 included eight patients with ejection fraction above 50% (61 ± 8%) and no regional left ventricular dysfunction as determined by angiography. Their mean age was 35 + 13 years and three were men. Two patients had mitral valve prolapse, and three others had ejection fraction below 60% (52%, 53%, and 53%) as determined by angiography. Two of those three had mild mitral regurgitation. No abnormalities were found on angiographic study in the remaining three patients. One had had a previous diagnosis of sarcoidosis several years before the study. All patients were receiving antiarrhythmic drugs at the time of catheterization. Group 2 consisted of 12 patients with ejection fraction below 40% (29 + 6%). Four patients had primary cardiomyopathy, and the remaining eight had ischemic heart disease with at least two episodes of documented myocardial infarction in the past.
They were all men and their mean age was 48 + 16 years. Two had moderate to severe mitral regurgitation as determined by angiography.
We also studied five episodes of nonhypotensive VT. Three occurred in patients from group 1 and the other two in patients who also had normal left ventricular function in sinus rhythm, but in whom hypotensive VT was not induced. This group is referred to as group lB.
Electrophysiologic studies. Two to four electrode catheters were passed percutaneously into the femoral veins and positioned at the right atrium, His bundle recording site, and right ventricular apex. Repetitive ventricular response and programmed electrical stimulation techniques were used to induce tachycardia from the right ventricle. A detailed description of the protocol used in the electrophysiologic studies in our laboratory has been published.5 Five patients had self-terminating episodes of VT; all other episodes were terminated by overdrive suppression or DC shock. Left ventricular pressure was measured with a micromanometer-tipped catheter (Millar model Analysis of two-dimensional echocardiograms. Cavity size and systolic function were assessed by measuring cavity areas with short-axis and long-axis two-dimensional echocardiography by use of a computer-assisted contouring system (see below). In sinus rhythm, end-diastolic cavity area (EDA) was measured at the first deflection of the QRS complex. Endsystolic cavity area (ESA) was taken as the smallest cavity area as determined by short-axis or long-axis echocardiography in a given cycle. During VT, EDA and ESA were taken as the largest and smallest areas, respectively. Particularly when wall movement was incoordinate during VT, these frames could not be identified without measuring areas frame by frame throughout the cycle. Values used are means of 3 beats, and variation between beats never exceeded 6%. Fractional change in area (FCA), an index of ejection fraction, was calculated for both short-axis and long-axis views as follows:
The contouring system used to analyze two-dimensional short-axis and long-axis echocardiograms has been described in detail elsewhere.6 With this system, successive video frames of the short-axis or long-axis image are projected on a high-resolution x,y,z oscilloscope with a video disc (VAS). The computer 930 superimposes two sets of 16 points equally spaced in angle around the image, and the reader places the points to fit the endocardial and epicardial margins. A best-fit contour for each two sets of points is selected by the computer with a splinefitting technique.7 Each of the endocardial and epicardial points is repositioned at successive fields every 16 or 32 msec from end-diastole to the next end-diastole, beginning and ending with the simultaneously recorded first deflection of the QRS complex.
Pressure-dimension loops. M mode echocardiograms and superimposed left ventricular pressure tracings (figure 1) were hand-digitized with an Altek digitizing tablet and software available from the United Kingdom Department of Health and Social Security.8 Plots of instantaneous cavity dimension measured from the endocardial echo of the posterior wall to the left side of the septum were obtained from the digitized data. Cavity dimension was plotted against pressure in the form of a loop for 3 representative beats in sinus rhythm and VT. In 12 patients (seven of group 1 and five of group 2) who converted from VT without DC countershock, we plotted loops for the moment of reversion to sinus rhythm.
The influence of incoordination of contraction and relaxation on ventricular function was assessed by the area enclosed within the pressure-dimension loop, expressed as a percentage of the area of a rectangle defined by the maximal and minimal pressures and dimensions reached during that particular cardiac cycle. This approach has previously been described9 and its rationale is discussed below. loop is by definition net work performed on the circulation per unit area of endocardium studied by the echocardiographic beam. For a given range of pressure and dimension this area is maximal when the loop is rectangular. When the onset of contraction and relaxation are asynchronous, changes in cavity shape during the periods of pressure rise and fall are manifested as obliquity of the "sides" of the pressure-dimension plot.
Provided that cardiac valves are competent, such deviations from the rectangular configuration imply reduction in net work for this region due to incoordination. Thus, rather than attempt a direct measure of incoordination, a concept that has no units, we In sinus rhythm, cavity areas were greater in group 2 than in group 1 (table 3) . This is consonant with the angiographic criteria used in the selection of the two groups.
Group 1 patients had marked reductions in both short-axis (19.7 ± 2 to 8.6 ± 2 cm2, p < .001) and long-axis (32.0 ± 8 to 22.5 ± 7 cm2; p < .001) EDA during VT. Group 2 had a slight reduction in short-axis EDA (34.1 ± 6 to 31.5 ± 7 cm2; p = .044) but no reduction in long-axis area (52.1 ± 8 to 50.6 ± 7 cm2; p = NS).
ESAs. Short-and long-axis ESAs were also larger in group 2 than in group 1 in sinus rhythm (table 3) . During VT, group 1 patients again demonstrated a marked reduction in cavity areas (short-axis 8.1 ± 1 to 3.7 ± 2cm2, p < .00l;long-axis21.7 ± 6to 15.8 ± 6 cm2, p < .008), and group 2 had an increase in both short-axis (25.4 ± 6 to 29.4 ± 7 cm2; p = .022) and long-axis ESAs (45.0 ± 8 to 49.4 ± 7 cm2, p = .005).
Fractional change in area. In sinus rhythm, both shortand long-axis fractional change in areas were greater in group 1 (short-axis 59.4 + 5%; long-axis 32.4 ± 7%) than in group 2 (short-axis 25.6 ± 6%; long-axis 13.7 ± 3%, p < .001, p = .003, respectively, table 3). This again reflects the criterion used to select the two groups. However, both short-and long-axis fractional change in areas fell in group 2 during VT (short-axis 25.6 ± 6 to 4.2 ± 4%, p = .005; long-axis 13.7 ± 3 to 1.8 ± 0.8%, p < .001), and group 1 showed no To differentiate these two mechanisms, pressuredimension loops of beats in sinus rhythm, VT, and immediately on return to sinus rhythm were analyzed. Figure 2 shows representative pressure-dimension loops from a patient of group 1. During VT the loop is displaced to the left and up in relation to a control sinus beat, consistent with the finding of cavity-size reduction and high end-diastolic pressure shown above. However, at the end of VT, the prolonged initial diastolic period that preceded the first sinus beat (figure 3) showed an immediate return to the pre-VT pressure dimension relationship. This finding is incompatible with a change in passive myocardial properties and implies the existence of incomplete relaxation during VT. 15 As left ventricular pressure fell after the last VT systole, the left ventricle proceeded to reach a fully relaxed state as evidenced by the superimposition of the diastolic pressure-dimension relationships of the last VT beat on the control sinus rhythm beat. This occurred in seven of the eight patients in group 1. In one patient, all episodes of hypotensive VT were ended by DC shock. Group 2 showed no such elevation of end-diastolic pressure during VT, so that the effects on systolic Incoordination of contractionlrelaxation. Group 2, in contrast with group 1, suffered marked impairment of left ventricular systolic function associated with a slight reduction in left ventricular cavity volume (as indicated by changes in end-diastolic areas). To explain systolic function deterioration in these patients, we looked for evidence that VT caused incoordination of contraction and relaxation. Such incoordination was obvious from visual analysis of two-dimensional echocardiograms from group 2 patients during VT, but not of those from group 1. Furthermore, such a pattern of incoordinate contraction was present from the first ec- topic beat of VT and thus was attributable to the abnormal sequence of electrical activation. To assess the effects of incoordination on left ventricular function during VT, we studied pressure-dimension loops from patients of group 1 and group 2 by quantifying the degree of distortion of the loop shape from sinus rhythm to VT in both groups (see Methods). Figures 5 and 6 show representative pressure-dimension loops from patients of groups 1 and 2 during sinus rhythm and VT. The shape of the pressure-dimension loop is only slightly distorted during VT in the patient from group 1 with normal left ventricular function in sinus rhythm. In contrast, the group 2 patient with impaired left ventricular function during sinus rhythm showed a marked distortion of loop shape in VT. These results were typical for the two groups. In group 1 the ratio of the area within the loop to the maximum possible was 81 + 5% in sinus rhythm and 73 ± 16% (p = NS) during VT. Group 2 started with a significantly lower ratio of 37 + 11% in sinus rhythm (p < .001, table 3) and suffered further marked deterioration to 16 + 13% (p = .013) during VT.
To summarize, some degree of incoordination already existed in patients of group 2 in sunus rhythm. During VT, incoordination was markedly accentuated and contributed to decreased stroke volume. In contrast, patients of group 1 did not exhibit significant degrees of incoordination during VT.
Nonhypotensive VT. Five episodes of VT were studied during which there was no significant change in systolic pressure (mean 116 ± 14 mm Hg in sinus rhythm, 100 ± 9 mm Hg in VT). In these patients (table 2) in whom left ventricular function is comparable to that in patients in group 1, heart rate during VT was relatively slower (148 ± 16 beats/min, p < .01) and there was no rise in left ventricular end-diastolic pressure (9.4 ± 0.9 mm Hg in sinus rhythm compared with 7.4 + 1.9 mm Hg during VT, figure 7) . In group 2, as in group 1, there was no demonstrable effect of incoordination. The area of the pressure-dimension loop was 80 ± 11% of maximum in sinus rhythm and 76 + 14% during VT. A small reduction in cavity size occurred in four of the five episodes. These changes were much less than those associated with hypotension in group 1 (p < .01).
Discussion
Several physiologic changes occur during VT, any of which might be expected to interfere with cardiac function and lead to circulatory collapse. These changes include (1) the effects of rapid heart rate, which may limit diastolic filling time or layed mitral valve opening),'4 finishing prematurely (because of tachycardia), or because myocardial elasticity is abnormal. The pronounced rise in diastolic pressure that occurred in all patients in this group was contrary to the first of these but could be interpreted as evidence of a change in the passive diastolic properties of the myocardium. However, the immediate return of the pressure-dimension relationship to that observed before VT, which occurred with the very first prolonged diastole of sinus rhythm, indicates that myocardial properties are unaffected and implies that the rise in diastolic pressure during the tachyarrhythmia reflects incomplete relaxation. Left ventricular filling was interrupted during active relaxation by the premature onset of the next systole. The straight downward return of the pressure-dimension plot to normal at the end of VT in figure 3 was characteristic of this group. It implies that during VT, interruption of the pressurevolume cycle by the following beat occurs during the period of isovolumic pressure fall. During VT in these patients, left ventricular filling occurs during early systole. The properties of the myocardium during this period represent the interaction between forces of relaxation and contraction.
The present study represents an "experiment of nature" comparable to the conditions under which incomplete relaxation has been demonstrated during rapid ventricular pacing in the dog. '5' 16 In that study the course of relaxation was indexed by the time constant of pressure fall (T),17 and in most cases incomplete relaxation occurred when diastole was interrupted less than 3.5 T from the time of peak negative dP/dt. Arterial pressure and cardiac output were controlled in these studies of normal hearts, and cavity size changed little, but the subjects of the present report showed large changes in preload and afterload. More important, with a definite contribution of systolic performance to the pressure-dimension relation during filling, we would hesitate to use data from the present study to establish "criteria" for man expressed in terms of T for incomplete relaxation.
When patients comparable to this group developed nonhypotensive VT (group 1B), they did so at relatively slow heart rates and showed neither the striking reduction in cavity size nor the increase in diastolic pressure observed in group 1. Evidently the mere occurrence of ectopic activation, even in the presence of moderate tachycardia, does not of itself cause hypotension or impair filling in the normal heart. Only when the rate is fast enough to encroach on the period of pressure fall is filling so curtailed as to limit cardiac output.
Incoordinate function. Patients of group 2 with impaired left ventricular function in sinus rhythm represent the majority of individuals under the threat of malignant arrhythmias. 18 19 During VT these patients showed pump function deterioration, as indicated by a marked reduction of both short-axis and long-axis fractional change in area in the face of a fall in afterload, and cavity size was only slightly reduced. The mean heart rate for group 2 patients during VT was significantly lower than that in patients of group Mitral regurgitation has been reported to occur during ventricular pacing29 and VT'3 and has been attributed to the abnormal sequence of papillary muscle activation, wall motion incoordination, or atrioventricular dissociation. It has been shown to be more severe with abnormal ventricular function. Mitral regurgitation may have contributed to further impairment of cardiac output in group 2, particularly in the setting of profound incoordination. However, the simultaneous reduction in ejection fraction and cavity size during VT argues against the presence of a significant regurgitant fraction. In group 1 the striking reduction in cavity size indicates that the major limitation to cardiac output during VT was diastolic. Finally, changes in myocardial contractility secondary to changes in heart rate per se should be considered.33 Changes in contractile state with varying intervals between beats, that is, the positive and negative staircase effects, are thought to be mediated by calcium movement inside the cardiac cell or across its membrane.34 Our study does not permit an assessment of myocardial contractility in the context of incoordination and a change in afterload. However in group 1, overall systolic function neither improved nor deteriorated, and any contribution of a change in contractility was likely to have been slight. In conclusion, the functional state of the heart at rest determines its mode of performance during VT. We showed distinct mechanisms of hypotension during VT for the two extremes of the left ventricular functional spectrum in sinus rhythm. Patients with normal left ventricular function in sinus rhythm develop hypotension during VT because of incomplete relaxation. In patients with impaired left ventricular function in sinus rhythm, profound deterioration in pump function occurs during VT and is the result of incoordinate contraction.
